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Abstract: Lithium lanthanum zirconate (Li,La,Zr,0,,, LLZO) solid-state electrolytes were
synthesized using the chemical coprecipitation method. The effects of the operation parameters
of the sintering process, ball milling, Al doping, and compression force on the grain boundary,
phase, densification, and final Li* ion conductivity were evaluated using various characterization
techniques, e.g., scanning electron microscopy (SEM), powder X-ray diffraction (XRD), and
electrochemical impedance spectroscopy (EIS) analyses. Wet ball milling using isopropanol
as a grinding aid or hot-pressed sintering is beneficial for improving the density of LLZO pellets.
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However, the Li* ion conductivities at room temperature of the samples is low due to their poor
structures. The cubic phase structure (c-LLZO) was synthesized via dry ball milling and pressure
less sintering, and the crystal structures became pure as the sintering temperature increased.
To solve the subsequent problem of the grain coarsening, a two-step sintering was proposed
instead of one-step sintering to synthesize LLZO electrolytes with small particle sizes and high
relative density. At the same time, the effect of Al doping in stabilizing the cubic structure was
also enhanced using the two-step sintering. Finally, the as-prepared Al-doped LLZO solid-
state electrolyte obtained via dry ball milling, cold pressing at 750 MPa, and two-step sintering
of 1100 °C for 6 h and 1200 °C for 20 h exhibited the highest ionic conductivity (1.52x10* S/cm),
mainly owing to its cubic garnet structure and the highest relative density. This research will
shed light on preparing and applying LLZO-related ceramic materials, providing a solid basis
and guidance for developing solid-state battery technology.

Keywords: solid-state electrolytes; chemical co-precipitation; high-temperature sintering; Al

doping; ball milling
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FLPTVE & B LLZO (1) 52 56 i 72 A0 A8 4k 5% £
Bl 1 FrR.
111 EyiEid i

FREL 32.475 g La(NO,),-6H,0(La 7t & ¥ Jii 1)
IR N 0.3 mol/L). 21.466 g Zr(NO,)-5H,0(Zr 7t
R W& E N 0.2 mol/L)f11.7857 g AI(NO,),-
9H,O(Al 7t 2= W) )it (1) & 2 24 0.02 mol/L, ik $5 1
B N)BE 1] 250 mL i BR SR VR & W, 50 °C hn#A
PPE BV EE, DAV L(La Eh AN Zr Eh A &
AN A5 A 52 0); FREL 39.53 g NH,HCO, it il
500 mL AW, i 2 IE s, AR 2;
A5 FH 43 VB0 B 9 4 LA 3 mL/min FR 37 SR [0 VA TR 2
TR DA B BT TE . B 2 h A A TR AR
THhERE B DUE, A5 R0 TR 3L Ui
AR
1.1.2 EREE

B LU £ 5 7.1119 g Li,CO, ¥ K (i &
10%, LizcZRYB ) EWKE N 0.77 mol/L, LN
HAZ A % 52 00) B T [5] — 3R i HH L 400 r/min

HIEBREES h, JEIE L dh 5 H AR ShiR & 150 .
BREE I FE IO 30 mL S BRI i3k B, A )2
TAEBRES . T IEEURIEERES f5 FIFE S CE T E4k
BRI A R R B AR B, THIR R 5 °C/miin,
900 ‘C{Ri 10 h, BJ5 HAAME. M FEEH
F) 2 B RE S BK A RO LY, (RIS R i 5 4 1)
V977 MR
1.1.3 JEABRE

FREX 0.8 g BREE J5 1)Ky A SR F S s il AL 7 =X
il % H % 10 mm = &, J& /) &% &~ 250 MPa.
500 MPa &, 750 MPa, x5 min. B J5HAE L
Bt nsE e, 22 SCER[13)H e £ I B 150 €
41150, 1180 #11200 °C, Fhidi#E*5 C/min,
KA20h, PR EREIEERS. APk
SEWTFU RN B S a, P A R A 3 T E M A S TE
1100 C K45 6 h, A J5 &L TR % 1200 C R iR
20 h, FHEEFAR, N T iE—Dheas it E
R, ATAEEF R FCT A& A P2 3 Xt
1B K5 WIRE S EAT #4H BE 45 (hot pressed sintering)
Ab#E, DL 20 °C/min F i % & 1200 C, R
2h, BEIBEE, SEREEANEIAN. PLEFTH
FE A4 PR SO0 B S5 26 A TR L.

1 HIUEESE LLZO KRIZE R L T U R (L FIRE)
Fig. 1 Preparation of LLZO oxide ceramic electrolyte and the varying conditions (the red words)
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Table 1 The naming and preparation conditions of LLZO solid state electrodes

FE TR BRI A BB FE A SiiMPa RREEIRPEIC WK/ F1IMPa)
LLZO-1150 Tk i 250 1150 ‘Cx20 h
LLZO-1180 Fik 5 250 1180 ‘Cx20 h
LLZO-1200 Tk i 250 1200 ‘Cx20 h

LLZO-1200-HP T i 250 1200 “Cx20 h-1200 ‘Cx2 h(40 MPa)
Wet-LLZO-1150 ik [ 250 1150 ‘C%20 h
Wet-LLZO-1180 Bk i 250 1180 ‘C%20 h
Wet-LLZO-1200 bAES e 250 1200 ‘Cx20 h
LLZAO-1150 TFi& & 250 1150 ‘Cx20 h
LLZAO-1180 Tk & 250 1180 ‘C%20 h
LLZAO-1200 Tk = 250 1200 ‘Cx20 h
LLZAO-1100/1200-250 Fik & 250 1100 °Cx6 h-1200 Cx20 h
LLZAO-1100/1200-500 Tk 2 500 1100 “Cx6 h-1200 ‘Cx20 h
LLZAO-1100/1200-750 Tk 2 750 1100 “Cx6 h-1200 ‘Cx20 h

1.2 MEMFMRIERBAFEITMIE

fd7 FH B 3 A A (4 [ i 3 NETZSCH STA
449 F3)5xf [ B ke 45 B B A AR AT BB AN 7 ey
#r (thermogravimetric analyses and differential
scanning calorimetric, TG/DSC), i ia il 10~
1200 °C, iEFFEEF A 10 C/min. 1 X 4F L8 AT
S (H A 22 0k X 2 4 DIimax-2550) % #5 A & [
A% H fi# 5 3 17 XRD(X-ray diffractometer, XRD)%4
P RAE, WK 5l 10°~60°, 143 % 0.02°/s.
15 F ¥4 37 % 5 3 3 B8 7 1B 0Bt (scanning electron
microscope, SEM, f&[E ZEISS Merlin)x] [l &
FE S5 R B A T M 23

SIS SR B s 8 S5 ) 4% LLZO [ 245 HU i o
FEMOE R A i T EUE A . IR TS B E A
MUKK R, TR A %R, e SHEI%
% (5.11 g/lem?®)AH EL 15 B FE fn A G35 B2 . A0
VR RG5O, ERFRAR, LUREK
(1) 77 =) £ B 28 F Al . SR A BRI M A (B i TR 4
CHI660E) it [f] & Fi f# Joi FHL 71 1% (electrochemical
impedance spectroscopy, EIS), %5& #illk: 51K
BEREMEATEAIE FHREE, AT EEE
10 mV &, AR5 m b Re i Peam e, 14
DML . 5 B R A LLZO [ 25 Ha fift S5 35 1T #
7y 5 7SR 7K CO, SN A= Btk I B 1 1 5| S i
mh SRR, D, i e RUE B R A
PRI, R F 5 R

2 HER5i%
Kl 2(@) 7R T 4900 °C/10 hiftkefa it « ik

BREE” “URIREREE” “TIEERE-RB T Ll s
BB R I XRD Gl AH S5 SR, 53R AR v Bk 1)
AP0 J7H LLZO(ICSD: 183684), T-ikFRE-4H15
M EERI LIS (1CSD:182312), H Ut H
W Al 45 4 A e 45 1T LI UG R PR AR08 S 7 AR Z5 F R A
H . NH TGIDSC Xt =FhILiiiekn R AT Pid 7,
W 2(b)~(d)Fr~, ZEREHILTTEMRE T =
MEBERFRES B rE—, ZiRZE 700 CKX
F], R EMZAFZ2 NI, 5 R RO KA
SN 28R UL S G oK o ik i . B,
700~950 °C, REMEAT—FrB R, FEKE
Li,CO, 7 fi#t ;2 [ (Li,CO,—Li,0+CO,), i /™ 4 i)
CO, it 5|k E ., 760 “CHir DSC L /77E—A>
BN A, IR S B TR AR DY A . <
IREREE-FR15 27 AT AR P R AR LE LR B 1)
JRfE. EAREDN, X2 HTTEERE IR R R
INSARE, BRI, [FR ARG
R B fa e S5 IE R . MY B =, 950~1200 °C,
JRE AR, UL R AT &, S
B EE 5 R ek DY U7 A 1) 3707 A R A AR
2.1 FHEIKBMARENEIREZHTHRN

B4 R B PRI B S AR . B
REERIITIEZ P2, T5 BRI R AT YT Re
SKRIEAT IR ok e dh 78 i) 4 W e i i B A AR
FERRAR BORE S AR A A S KA A =
N, BhEURRIEZ R ) IR R S RS T
IR B S SRS TR SR T HOL I )
H e, (I B I m e 5| W R o A 2 e R AR
R, HERINE G4 B R EEEER
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Fig. 2 (a) XRD and (b)—(d) TGA/DSC results of flame synthesised powders with dry ball-milling,
wet ball-milling, and Al doped

TG B N AT e S5 A RS B H AR . ARAE AR
LT UE R A 1 R o3 AT 4 B DA S SCR 4 R0 15 3
C-LLZO e fE A E X 7] 1150~1200 °C, SE46
JEEL T 1150 °C. 1180 °CAH11200 CHEATHIF, AL
FEUIES . ARSI SRR, TRIKEB RS
AN R B e 25 3R 45 B it 43 73 R i 8 LLZO-1150
LLZO-1180 11 LLZO-1200. & 3(a) ~ (c) B 7~ T
LLZO-1150. LLZO-1180 Al LLZO-1200 ¥¥ & W [
W, R4, BERSRER S, LLZO-
1150. LLZO-1180 #l1LLZO-1200 fkiZz#iiit,
10 ym. 12.5 pm-KZE 17.5 um, X2 H TR
FEXT S5 B4k Re A B . B IR
JE - (R 2 & L) RS S AN 068 70 AN B 384 i
i R TR I A S FE N, SR ] 3 rh kL R )
B4 KB, LLZO-1150. LLZO-1180 #1 LLZO-1200
FE S (KA X 25 FE N 81.1%. 82.7%. 82.7%. HiLt
Z N, IR Bess A E R i LLZO-1200-HP B A1k
B B ——97.7%, b URAE, & 3(d)ExR T
S TIEIRE i R B, A5 7 HRRL R T

Kl 3(e) NI ZS AT I XRD 4554, LLZO-1150.
LLZO-1180 11 LLZO-1200-HP 5337 77 A1 VU 77 A1
RAE L, it & f 4% A La,Zr,0, Al La,0,

FeAH. Hr, La,zr,O, mTREM A SR H HIA~: —
2 La,0,5¢ La(OH), 5 ZrO, I B e M A i, 4y
()M R B — A2 LLZO T4t
RERRE e, mE@)Fin. Mked: &1
91200 CH ERRES, FEah RN MILITH,
Z ALO IR I AELE /N 43 LaAlO, .

La,O, + 2Z2rO, — La,Zr,0, (1)
2La(OH), + 2ZrO, — La,Zr,0, + 3H,0 2
Li,La,Zr,0,, + ZrO, — 7/2Li,0 + 3/2La,Zr,0, (3)

2.2 RAEKEBMAEARRERE THRI
TR B I R AR AL S Al 5y S5 L BE AUk
SRR ER B, B 4L 1 [ M S B I 201
SN BB EEREE, R TAEEF R N REEATIREE .
4 FIT 7~ N UL BR BE FE L AF 1150 “C . 1180 “C
1200 °C ke 4515 2 /0 FF & (5 51 #5 1d 2 Wet-LLZO-
1150. Wet-LLZO-1180 F1 Wet-LLZO-1200) ] 7 If
TESUR A EE K . 5 TR ER BRI 3(a) ~ (o)A EL
MRV BRI TE B BE A5 B N A8 3145 T 40/ N8 )1
WKL, UL, J5 1) P R i it (R 5 SR 4R, Bl
HiIRERTE, Wet-LLZO-1150. Wet-LLZO-1180.
Wet-LLZO-1200 #¥ i fis F ST IBWs N, AHX 3 B
4355 89.6%. 90.0%. 92.4%, W& & TFIEER
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B3 FEKEABMELZ 1150 'C. 1180 ‘C\ 1200 ‘CHEEMRLELLK 1200 ‘C/40 MPa A ERRE TR 1S EIZS B AERE
(a)~(d)ErE 25 F0(e) R IBLEHY
Fig. 3 (a)—(d) SEM images and (e) XRD results of LLZO pellets prepared with dry ball-milled powders and
sintered at 1150 °C, 1180 °C, 1200 °C in a muffle furnace and hot pressed sintering with 1200 °C/40 MPa

BERE N . TR R E, MR R 2B
T F i KA 34(20 um. 26 pm. 40 um), H
RTHARNREE R TR BREERE S RO R . B 4(d)
FiR 9 XRD WA E L, kg & R, X2&hT
2 2J B BB 751 5| 2 L 48 (L H 32 ) M9 i T i 4%
IR R IR AR L S5 . SR HER A xT bes E|,
ZANFE A 1) XRD FHAEWERT B 77 & c-LLZO, {HAHXT
W SR AN AT o ATHT fA 20=44° 47 B AFAE — ] B 58
HRFIENE, AT AR c-LLZO t-LLZO 8% Li,ZrO,
(PDF#33-083) %5 Z P dh AHZE K, ToiEHI & A H—
BURG 4. sz, B AR BB AT IRk
BR S Re 8 R IF b bt v [ 245 L I BUR S, (R
Xof it R 5 A 7 TS M 0K
23 FHEKB-ABEMRESEIRLSRE T

=R

BT 2.1 2.2 I A5 R, N oRE S TEEK
P SE R AL 4% LLZO [ 25 HUR T il 4% . AlB 2= E

BN AR E LLZO LT MM FB, ©F
W45 & W], 0.2~0.24 mol {1 Al#5 2% 774 0.4~
0.48 mol #75 fir, e R Aa € 3207 FH A R A &
faeed, ok B4R o T BUR S S B b ds AL TR
B LIAIO,. LaAlO, &5 | 7= )%,  [A] t A% T4k ik #%
0.2 mol 4545 2« 7t 1150 °*C. 1180 ‘C 11200 ‘C%%
Jo s Uk FEE T ] 245 B AR IO P B (1) 52 ) (R o 40 0 i
A LLZAO-1150. LLZAO-1180 A1 LLZAO-1200).
ML 5 1 LLZAO-1150. LLZAO-1180. LLZAO-
1200 £ 5t Wi 230, 5 B 3 X060 b & I ALB 2 %)
LLZO #f b Mikr R~F s mi AR, 805 EEAE 80.4%~
83.3% u [l W . K 5(d)JE R T Al B 4% FE S TE
1150 “C. 1180 “C 11200 “C I ¥ T beds pris ke i
) XRD &5 5, HARGH /D& La,Zr,0,. LaAlO,{H
A AH N c-LLZO S ), R HL AR 45 R B A AE
1200 °C Fe 45 i B 3Rk A5 37 75 A I 1 I 1t B AL 15 4 g
A R T LLZO e VU J7 48 1] 57 7 A % A8 1R
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B4 JREBREARBMALZ 1150 C. 1180 "CH 1200 CHE LR FEZSE MR FRA(a)~ (c)BiE A5 (d) RIBLEH
Fig. 4 (a)—(c) SEM images and (d) XRD results of LLZO pellets prepared with wet ball-milled powders and
sintered at 1150 °C, 1180 °C, and 1200 °C

E5 FABKEEBEMMAL 1150 C. 1180 “CHI1200 CH E LR B EIZSE MR FRA(a)~ ()M E A5 (d) AL
Fig. 5 (a)—(c) SEM images and (d) XRD results of Al doped LLZO pellets prepared with dry ball-milled powders
and sintered at 1150 °C, 1180 °C, and 1200 °C

TR 1A AR TR LN LTS T2 E 24 FERKB-APREETRERENDTHRN
PIAS LA L, T L 22 ik FERE IR sy 1 325 A 5 pesid A B R PERE A i R R PROE AR, 45
R E 1 - B TR S 55 RIE G B S —— B R A IR 1R
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[=TF T AN NS 8 <7 L a7 B ST OES 8 S O
X[, Chen &EPH] H di S BRI fa AT A2 2 1A]
B )5 22 Bt TR S Tk, Sal m Ik
Bl — /MR TLARE o 808 BEk B — AN B s KT,
PRGOS E T2, K TR] AR I 8 45 R 52 R B
EAKE . 1% 5 VEAE SICPART ALO,PIFE % il 4 Hh B
M, RRIBEMPESS IR 6 &)k .
PE M RIS RN R LR A EH . 5 EI5(c)
] LLZAO-1200 #H Lt , K 6(a) Fr 7~ LLZAO-1100/
1200-250 F¥ fi il £ ik #2% F 1100 “C/6 h+1200 °C/
20 h 25 R 45 BUAC 1200 “C/20 h— 2544, k15

P2 BRGNS A B Tk s M AL, Kift
2310 pm, AR H 83.3% IR E & 92.7%. % &
FIAE MBI T2 R, A KRR E R
500 MPa. 750 MPa, 73Jllf53Z# i LLZAO-1100/
1200-500 F1 LLZAO-1100/1200-750, 1 /3%
WAL, BUE AR TIE 6(b). (c)]. AT
A1, SE AR BRI i R 5 FE 52 A OR R S R
M) A58 DR ——JURE R T 8 /N b R (10 Dy 28 52 2 v,
BRI, 0 be 4549 3 1 Bl /N RS 0REZH 1 ¥ LLZO
] 74 HL A o B B P L PR R, XA A [ AN A S
- L S B R B AR

El6 TABKEEZIBMALZ 250 MPa. 500 MPa. 750 MPa & | R k45 RS E7AS B iR B Y (a) ~ (c) B E 2 5 0
(d)R1BLEH
Fig. 6 (a)—(c) SEM images and (d) XRD results of Al doped LLZO pellets prepared with dry ball-milled powders
and 250 MPa, 500 MPa, and 750 MPa tableting followd by two-step sintering

X L 6(d) 20 ke 4t 5 ] 5(d)— P e &h XRD 2%
RAFRNLEE, AlS A [ 2 FRUR oL S0% P 3R T S
b LT A AR R AT, 5 SR [24] 5256 45 A — B
HH P 2 o A E 7 Mr g5 SR mT 0, 950 °C LA B BEAE
at R AR B DY 5 A ST 7 AR AR R, BRIk, D
JRZE N c-LLZO JE At 1 78 43 1180 ) 2 S B [i]
0] 7 A
25 BTFHRESMEELLESHT

K7 feon 1T BRI A FF a2 IR 1 EIS WA
ghIR, il 4 S b s A A3 ) (B SRR AR 4 1 2%
B, — RIS SR X 43 ik B BTN & 7 BE

Fi, ZHCHER[7,13)6 R-C 2F [H 5 B 2 B3 A
SEERHUE L A B A AR U H b, gDt
X o=L/(RxS)(L AFE M EE, 1~2mm; S HHK
AR, 0.5~0.8 cm?)iHHAF 2175 [E 4 HL TR b
BT SHEE, BETER2, HEMMUET BMR
B Ag PH % FEAR DL R S 2R 3 2 IR PELL, S24F
i JERE L RIRRE B S R IR AR T3 5 S SE i 22
R, BELRBCRINSA ZE S, MaAEEIR L 1 45°
RHREE, RS AR R RE IR AR SR . S5
K 7(@)~ )T, TRIBIEILE TIEEREE, B
SERFEITEERE RS T SR R RIS, Bk
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—— 1701200 30 | —— Wet-LLZ0-1200
100 |—— (170-1200-HP

R=30892 Q
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N N
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40 i 10
R=38479 Q
20 % 1 2 3 4 5
P S = R=66%15Q ‘
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Fig. 7 EIS profiles of LLZO pellets prepared with (a) dry ball milling; (b) wet ball milling; (c) Al doping; and
(d) two-step sintering (The inset is an enlarged view of the high-frequency section)

F2 HIUEAHLLZOESHEMBEMFARY, BNEENEREFESE
Table 2 The particle size, relative density, and ionic conductivity at room temperature of LLZO solid
state electrodes by co-precipitation method

Bt i SRR SF fum AR 25 1% BT RS %/(S/cm) Kl K5
LLZO-1150 10 81.1 1.23x10° A LAE
LLZO-1180 12.5 82.7 1.26x10° A TAE
LLZO-1200 17.5 82.7 1.42x10°° AT AE

LLZO-1200-HP — 97.7 6.66x10°° AR TAE
Wet-LLZ0-1150 20 89.6 7.69x10° AR
Wet-LLZO-1180 26 90.0 9.95x10° AT
Wet-LLZO-1200 40 92.4 1.06x10° AT AE

LLZAO-1150 10 815 2.28x10° AR TAE
LLZAO-1180 14 80.4 1.82x10° AR
LLZAO-1200 16 83.3 1.82x10°° ARTAE
LLZAO-1100/1200-250 10 92.7 8.82x10° AT AE
LLZAO-1100/1200-500 10 92.9 9.37x10° AR TAE
LLZAO-1100/1200-750 10 93.1 1.52x10* A AR (e ERE )
LLZO KT 10 %K+ 90 2x10* % HR[13]
Al-LLZO 6.23 86.8 2.02x10* 22 HR[8]
Al-LLZO 10 80 2.8x10° 2% 3CHR[15]
Al-LLZO 5 57 6.3x10° 2 CHR[3]
Ta-LLZO 15 92 6.9x10* 22 SCHR[5]

Ti-LLZO 8 90.7 1.91x10* EEPEINY
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